Plant NLR resistance genes provide some of the most extreme examples of polymorphism 15 in eukaryotic genomes, rivalling even the vertebrate major histocompatibility complex.
. Signatures of intergenic gene conversion (IGC) in the RPP8 gene family in Arabidopsis generate a 971bp PCR product for D variants or no product for S variants. In the second round, a twocopy genotype was re-confirmed using primer pair P15f and P6r to generate a 5.5kb PCR product that encompassed parts of paralogs D1 and D2 and the entire 4.3kb intergenic region. For one-copy For half of the accessions, an 8 kb fragment of At5g48620 was amplified using primers K1f and possible pairs of loci were compared to theoretical expectations [40] . A SFS describes the frequencies rate C in all chromosomes carrying the duplication, where C is the number of IGC events in the 269 population per generation.
270
We introduce five new features to SeDuS to better simulate the evolution of the RPP8 gene 271 family. First, we extend the simulator to model a three-copy gene family by including a second, 272 unrelated spacer at the outset of the simulation, and by adding two additional phases to the 273 simulation. During phase II, the "copy one" block is duplicated to the right of spacer one and left of 274 spacer two. After phase III, a third duplicated block, copy three, is randomly selected, as in phase II, 275 from the copy one block of a randomly chosen chromosome and introduced to the right of spacer 276 two. In phase IV of the model, this duplication is conditioned to fixation following a neutral 277 trajectory. In phase V, the neutral evolution of the five-block chromosome occurs, with mutation as 278 in the original SeDuS and block-specific crossover rates, R. In phase IV and V, the copy one, two, and 279 three blocks exchange information via IGC, which occurs at a total rate C in pairs of chromosomes 280 carrying the duplication, which are selected randomly from the population to be the donor and 281 acceptor of an IGC tract.
282
Second, we allow the proportions of IGC between the three duplicated blocks to vary and add 283 directionality in the amount of exchange between blocks. To do this, IGC occurs at a total rate C, and 284 the frequency at which different pairs of copies of the gene family are chosen to be IGC tract donors 285 and acceptors are independently specified as fractions of the total rate C. In our unequal exchange 286 scenario, we summed the values of IGC estimated for RPP8 paralogs to obtain C and divided each of 287 the six estimates of IGC between pairs of RPP8 paralogs by C to obtain specific pairwise exchange 288 fraction. This allowed copy three to undergo IGC with copy one at a higher rate than with copy two, 289 as we observe at RPP8.
290
Third, we introduce non-tandem duplications by specifying block-specific rates of crossover, RC 291 for each block representing copy one, two, and three, and RS1 and RS2 for single copy spacer blocks 292 one and two. We then alter RS1 and RS2 relative to RC, allowing, for example, the specification of a 293 tandem duplication by a RS1 equivalent to that of a 3 kb region in A. thaliana and an unlinked 294 additional duplicated block with a RS2 equivalent to that of a 2.25 Mb region in A. thaliana, the same 295 spacing as the RPP8 gene family.
296
Fourth, we introduce selfing as in [55] , by specifying the fraction of reproductive events, s, in 297 which a chromosome chooses to pair with itself or its sister chromosome, as opposed to picking 298 another chromosome at random from the population. This involved the reduction of C, RS1, RS2, and 299 RC by a factor of (1-s) to obtain "effective" IGC and crossover rates.
300
Fifth, we introduce balancing selection at copy two for a presence-absence polymorphism by 301 introducing an additional phase, phase VI, after the fixation of the three copies, in which copy two is 302 constrained to have a frequency of 50%. This order of events was chosen due to the ancestral presence 303 of three orthologs of RPP8 in A. lyrata, and the subsequent creation of a CNV for D2 in A. thaliana.
304
Selection in RPP8 may not be balancing selection for a CNV, and instead may take the form of 305 negative frequency-dependent selection based on RPP8 functionality, or some other form. However,
306
incorporating balancing selection for a CNV has characteristics similar to diversifying or negative-type was unequal exchange, using the relative frequencies estimated for RPP8. To explore the effects of specific parameters on nucleotide diversity in the gene family, three parameters were varied individually: paralog spacing, RS2, to simulate recombination in regions between 2kb and 20Mb in Figure S4 ), and a marginally significant phylogenetic signal for overdispersion on a tree of the non-
364
LRR codons of RPP8 (Bloomberg's K = 0.389, p = 0.059). This indicated that alleles were more likely 365 to be closely related to individuals of a different CNV class than alleles of the same CNV class.
366
Continent of origin had no significant phylogenetic signal on a tree of either the LRR or the non-LRR tandem duplication of RPP8 and one copy of P3, indicating that the triplication of RPP8 predated this the introns, there were 32 different indels of varying lengths, 23 of which were found in more than 378 one sampled allele. No indels were found near the borders of intron two, but P1 and P3 shared a 13bp 379 deletion directly adjacent to the 5' border of intron one, and P3 samples also had 14bp and 15bp 380 deletions at this border. These deletions did not compromise the GT-AG intron splicing motif for 381 intron one, and thus we consider it unlikely that these samples retain and translate intron one as a 382 result of this deletion. RPP8 paralogs were on average 905 +/-3 amino acids in length, with a range 383 of 895-910 amino acids. Despite these differences in length, all RPP8 paralogs retained most alignable 384 homologous protein-coding residues and all but one had the potential for functionality in NLR gene 385 mediated recognition of pathogens.
386
We compared the RPP8 genotype to phenotypic evidence for downy mildew resistance for 387 sixteen accessions, including twelve that had complete RPP8 paralogous sequence data and four that 388 had LRR sequence data. Of the twelve, four were susceptible and eight were resistant; of the four 389 with LRR data, three were susceptible and one resistant (Table S1 ). There was no correlation between 390 RPP8 copy number and downy mildew resistance. Five of nine RPP8 D variants and three of six RPP8 391 S variants were resistant. The Cvi-0 variant without P3 was also resistant. There were no sequenced 392 indels or amino acid variants within either the coding region or the LRR of S or D1 (the copy with 393 allelic variation for downy mildew resistance/susceptibility), nor within either S, D1, or P3, that 394 segregated perfectly with resistance; in fact, every site had at least two exceptions in correlations 395 between single SNPs and resistance. Resistance and susceptibility had no phylogenetic signal on a 396 tree of either the non-LRR and LRR region of RPP8 (Bloomberg's K = 0.247; 0.282, p = 0.89, 0.72), with 397 almost every paralog from a susceptible plant most similar to a resistant RPP8 allele ( Figure S4 ). This 398 phylogenetic distribution of resistance is consistent with multiple, independent losses (or gains) of 399 downy mildew resistance in different alleles of RPP8. This resistance data is also inconsistent with a 400 one SNP:one phenotype model of trait evolution [57] .
401
We found a staggeringly large number of segregating sites -470 in total -in the full dataset, 402 consisting of 31 fully sequenced alleles (17 accessions). We determined the number of fixed 403 differences and frequencies of shared, derived polymorphism for each RPP8 paralog to infer the 404 propensity for allele-specific recombination in meiosis [41, 58, 59] . The number of segregating sites 405 within paralogs ranges from 174-358 (Table 1) (Table 2 ) and a smaller number (183) of shared derived polymorphisms (Table 3) .
410
Allele frequencies of shared polymorphisms were strongly correlated between S and D1 alleles 411 (R 2 =0.70) and less correlated between S and D2 alleles (R 2 = 0.14; Table S7 ). These data indicate that S 412 alleles pair (and exchange sequence via crossovers) predominantly with D1 alleles during meiosis 413 and suggest that ectopic crossovers between S and D2 alleles are relatively infrequent. We thus treat 
441
IGC reduces LD to an extent that increases with the rate of IGC in that region [53] .
442
Recombination hotspots within a region undergoing IGC are also theorized to further reduce LD, but 443 only in the hotspot region [53] . However, P1/P2 and P3 have lower than average recombination rates at these loci, which has been observed to reduce crossover frequency in heterozygotes [63] . The pattern of LD within members of the RPP8 gene family did not vary substantially within the sequenced region for any paralog and was thus not consistent with predictions of a recombination Polymorphism is unevenly distributed across the RPP8 locus. The third exon, which encodes the 498 LRR, has approximately twice the density of the SNPs shared between the three paralogs than the 499 non-LRR regions: 60% of the shared SNPs were found in the third exon, which is 35.8% of the length 500 of the homologous region, and 40% of shared polymorphisms were found in the LRR, which is 20.7%
501
of the length of the homologous region ( Figure S7a -c). In fact, all 31 fully sequenced alleles contained 502 different haplotypes in the LRR region, reflecting the enormous allelic diversity and SNP 503 polymorphism in this region of the gene, more than any singleton NLR gene (Table 1, Figure S8d ).
504
Because the majority of shared polymorphism was located in the region surrounding the LRR region,
505
we hypothesized that diversifying selection is maintaining distinct functional haplotypes in this 506 domain.
507
To explore the potential for diversifying selection in the LRR versus the remainder of the protein,
508
we compared two maximum parsimony trees, one constructed with hypothesized LRR codons from 509 [7] , and one with the non-LRR codons ( Figure 2 ). These two trees revealed strikingly different 510 branching patterns. In particular, the non-LRR portion from the three paralogous loci mapped to the 511 tree consistent with independent evolution, with significantly more phylogenetic signal for paralog 512 number than expected by chance (Bloomberg's K = 1.073, p = 0.001, Figure S4 ). D1 and S alleles were 513 interspersed on the tree, as expected for a single recombining locus (the P1 locus). There was little 514 evidence of sequence exchange between P1 and P3: the P3 alleles formed a nearly monophyletic clade 515 within the P1 alleles, except for one D1 allele (Figure 2a ). The non-LRR branching pattern was 516 consistent with a duplication event from S or D1 to create P3. As P3 shares flanking sequence with 517 the upstream region of D1, it was likely derived from this paralog before the split of A. thaliana and 518 A. lyrata. There was no evidence for sequence exchange between P1 and P2; the P2 alleles formed a 519 monophyletic outgroup to the remaining RPP8 paralogs (Figure 2a ).
520
In contrast, the LRR tree supported an entirely different evolutionary history ( Figure 2b ). Here,
521
there was less phylogenetic signal for paralog number than expected by chance (Bloomberg's K = 522 0.325, p = 0.048, Figure S4 ), and S, D1, P2, and P3 alleles were all distributed paraphyletically across 523 the tree, with low proportions of bootstrapped branch support for many deeper nodes in the 524 consensus sequence tree. The largest clade was of four P3 alleles. The LRR tree supported frequent 525 gene conversion events between P3 and P1 alleles: most P3 alleles had P1 alleles as their closest 
*Values where the confidence interval did not overlap the confidence interval for genome.
593
a Bold, capitalized X and L represent the LRR subdomain, which encompasses the putative beta nonsynonymous nucleotide diversity (πa) for the three paralogs were far higher than two times the the genome average of ~0.0014 (Table 4 ). Ratios of πa / πs were also higher than the genome average, 625 particularly in the LRR (Figure 3a ; Figure S10 ). A sliding window analysis of nucleotide diversity 626 across each paralog showed that it varied between 2-15 times the genome average for P1, 0.5-12 times 627 the genome average for P2, and 0.9-18 times the genome average for P3 (Figure 3c ; Figure S12 ). The 628 700 bp intron sequence 5' of the LRR had πs levels 3.7, 2.7, and 4.6 times the genome average for P1,
629
P2, and P3, respectively (Figure 3c ; Figure S12 ). The LRR had πs levels 10.3, 9.1, and 14.1 times the 630 genome average, while the non-LRR coding region had πs levels 6.1, 4, and 5.5 times the genome 631 average, only slightly higher than the intronic region. Nucleotide diversity was also higher for RPP8 632 than for the majority of single-copy NLR genes ( Figure S8c, S13c) . Interestingly, no comparisons of that a high mutation rate was not responsible for increasing nucleotide diversity or πs in these regions 636 (Table 6) . Instead, diversifying selection appears to be acting on all LRR subdomains within the LRR 637 region. 666 Figure 5 . Effect of selfing fractions and IGC rates for two and three copy gene families undergoing 667 intergenic gene conversion. Each point represents the average equilibrium nucleotide diversity from for one copy (grey), two copy (black), and three copy (green, blue, and orange are copies one, two,
638

Discussion
702
The evolutionary trajectory of duplicated genes is contingent on the frequency of sequence 703 exchange between copies [42, 59] . Just as speciation occurs more readily in allopatry, without gene flow [66] , under neutral processes, gene duplicates that do not exchange sequence will quickly gene exchange between D1 and P3 on the one chromosomal type, and between S and P3 on the other 750 chromosomal type, coupled with sufficient crossing over between D1 or S and P3 in heterozygotes,
751
can complete the circuit connecting the two paralogs on the two chromosomal types. This possibility 752 is borne out by our simulations, as further elaborated below.
753
A remaining feature of the genetic architecture requiring explanation is the lack of a duplicate 754 on the chromosomal arm containing S. We posit that if alleles at P1 and P2 carry distinct specificities 755 against pathogens, then perhaps P2 alleles (but not P1 alleles) exhibit a cost under certain conditions, 756 such as in the absence of pathogens, as we previously found for RPM1 and RPS5 [30, 31] . If so, the 757 structural presence/absence polymorphism for P2 might be an adaptive chromosomal configuration 758 in that deletions minimize the metabolic (or other) costs associated with expressing an NLR allele 759 [30, 31, 72, 73] . It is also possible that P2 and P3 have no canonical function in pathogen resistance, but 760 instead exist to increase diversity at P1, the only paralog with mapped resistance specificities.
761
However, given the extent to which variation is shared between P1 and P3, P3 may well share 762 resistance functions with P1 and/or have generated novel resistance specificities. In principle, it 763 should be possible to experimentally manipulate the configuration of alleles present at P1, P2, and P3 764 to test these hypotheses.
765
To summarize how this diversity is generated, while tandem duplicates P1 and P2 experience 
788
Multiple observations support selection on the LRR of at least one paralog to generate protein 789 coding diversity at the population level. The Ka:Ks ratio for each paralog is higher than 96 -98% of 790 the genome on average in the LRR, and slightly lower outside of the LRR, indicating diversifying 791 selection acting on the LRR (Figure 3a ; Figure S10 ). In addition, a huge variety of alleles are retained 792 at each paralog: each fully sequenced allele is a unique haplotype, with levels of nucleotide diversity 793 9-14 times the genomic average within the LRR and 4-6 times the genomic average in the coding IGC and selection on the LRR is consistent with our observation that the proportion of shared 798 polymorphism segregating at all three paralogs is greatest in the LRR ( Figure S7) , and with the highly paraphyletic distribution of allele genomic locations observed in the sequence similarity tree of the Under neutrality, the reservoir of variation maintained by multiple RPP8 paralogs on multiple 804 chromosomal types undergoing IGC was predicted to be larger than that of a single copy gene. We
805
wanted to determine whether the depth of this reservoir was sufficient to account for the levels of 806 polymorphism we observed at RPP8. We therefore conducted neutral forward-in-time simulations 807 of the evolution of a three copy gene family with different IGC and selfing rates. Neutral simulations 808 with three copies of the gene family were close to the levels of nucleotide diversity seen in the introns 809 of RPP8 paralogs, but were lower than levels in coding regions, even with the unrealistically high 810 rates of IGC necessary to maximize nucleotide diversity under neutrality (Figure 4 ).
811
In an effort to achieve higher levels of diversity, we simulated balancing selection for 812 maintenance of a CNV at P2. We used this type of selection to simplify the modeling but note that 813 the effects of balancing selection, driven by costs, and frequency dependent selection acting on 814 resistance specificities, would be equivalent. Balancing selection was effective in 815 increasing nucleotide diversity at both P1 and P3. The increase in nucleotide diversity was 816 minimized for intermediate rates of IGC, and was most similar to the levels of nucleotide diversity 817 seen in the non-LRR coding sequence rather than the LRR coding sequence. Low rates of IGC and 818 high rates of selfing both increased nucleotide diversity at P1 to levels seen at RPP8 but failed to 819 increase nucleotide diversity at P2 and P3 to that seen for the gene family (Figure 5d ). Regardless, 820 our simulations indicate that balancing selection acting at one locus can increase diversity at both 821 linked and unlinked genes that are undergoing IGC.
822
Our simulations find that the distance between loci has almost no effect on the level of 823 polymorphism created in such a system, meaning that both tandemly duplicated clusters and distant 824 duplicates may be undergoing similar processes that lead to increased diversity. However, we note 825 that this model does not take into account known effects of chromosomal interference at distances 826 shorter than 200 kb. Chromosomal interference is known to reduce crossovers and the number of 827 double-strand breaks, thus also reducing the number of noncrossover events [79] . Regardless, the 2
828
Mb distance between the RPP8 paralogs is an order of magnitude greater than 200 kb. The opposite 829 orientation and large distance between the paralogs might allow IGC to occur by chromosomal 830 looping to form interhomolog joint molecules during recombination, similar to how homeologous 831 chromosomes interact in polyploid species.
832
NLR genes in many plant species are present in large, tandem arrays, which are frequently 833 located on the ends of chromosomes, far from the pericentromeric suppression of recombination 834 [15, 16, 18, [20] [21] [22] [23] . Ectopic crossovers are often invoked as a likely mechanism to generate NLR gene 835 diversity in these clusters [16, 20, 80] can lead to a preponderance of non-crossover events such as IGC, is thus likely to be particularly strong near complex NLR gene families, due to both structural and nucleotide polymorphism in these Supplementary Materials: Figure S1 : Regions amplified with PCR to sequence RPP8 alleles in A. thaliana., Figure  Supplementary Figures Table S1 ). shown in (a-b), (d-e) , and 
938
Information on the accessions compared can be found in Table S1 . RPP13 and RPP8 are both labeled; RPP13 939 is frequently an outlier among singleton NLR genes. RPP8 values are highlighted in red. 
957
Vertical lines indicate boundaries of coding regions of RPP8, as shown in the schematic above each plot.
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The leucine-rich repeat region (LRR) is also indicated. (a) Paralog P2 at RPP8. (b) Paralog P3 at At5g48620. Figure S13 . The distributions of population genetic summary statistics were higher for RPP8 than for singleton NLR genes. Plots show the number of segregating sites and segregating sites per 500 bp (a-b), that were in this study, and sequenced 27 singleton NLR genes. Information on the accessions compared 974 can be found in Table S1 . RPP13 and RPP8 are both given distinct colors; RPP13 is frequently an outlier 975 among singleton NLR genes. 982 c P3 represents the chromosomal haplotype carrying at least one copy of At5g48620. 994 995 Table S3 . Parameter sets for Figure 4a and 4d, extended SeDuS runs varying the distance between the second 996 and third copy of the simulated gene family. Table S6 . Parameter sets for Figure 5 , varying the fraction of individuals that self within the population. C was 1005 0.2 for Figure 5a and 
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